INTRODUCTION
Metal-organic frameworks (MOFs) are promising platforms for biomimetic studies of metalloenzymes. [1] [2] [3] [4] The connecting ends of organic linkers in MOFs, such as carboxylates and triazoles, are comparable to the ligands that make up the active sites in metalloenzymes. Consequently, the metal nodes are attractive targets for biomimetic chemistry. The advantages of performing biomimetic chemistry in MOFs over traditional homogeneous systems include (1) site isolation, preventing unwanted bimetallic reactivity and in turn allowing for sterically unhindered metal sites; 5 (2) tunable pore environments, affording hydrophilic or hydrophobic channels, which can mimic the channels found in the enzymes; 3 and (3) higher stability than with enzymes, [6] [7] [8] [9] potentially leading to broader use of biomimetic chemistry in industrially relevant applications.
Carbonic anhydrase (CA) is a ubiquitous zinc metalloenzyme that catalyzes the hydration of carbon dioxide. The active site of CA features a divalent zinc in a N 3 ZnOH coordination environment, where the zinc exhibits a tetrahedral geometry featuring three histidine groups and a hydroxide (or water) ( Figure 1 ). 10 Much has been learned about CA through modeling the active site with synthetic analogs, 11 such as Tp (tBu,Me) ZnOH (Tp = tris(pyrazolyl)hydroborate), which reacts reversibly with CO 2 and catalyzes oxygen atom exchange between CO 2 and H 2 O. [12] [13] [14] Accessing similar Tp-like environments within
MOFs would afford site-isolated examples of CA. One material whose secondary building units (SBUs) are almost exact structural mimics of the active site in CA is MFU-4l (Zn 5 Cl 4 (BTDD) 3 1, where BTDD 2À = bis(1,2,3-triazolo [4,5- 
( Figure 1 ). [15] [16] [17] [18] [19] [20] The SBUs, or metal nodes, in this material feature four peripheral zinc chloride sites that are coordinated by three triazoles in C 3 symmetry analogous to the Tp ligand and, accordingly, CA (Figure 1 ).
The Bigger Picture
Mimicking metalloenzymes at the node of a metal-organic framework (MOF) has the potential to impart enzyme-like catalytic activity within a heterogeneous material. 
RESULTS AND DISCUSSION
Although the terminal chlorides in MFU-4l are known to exchange with a variety of other anions, hydroxide exchange using KOH has been reported to cause decomposition. 21 However, we found that anion metathesis with hydroxide was Figure S2 ). Thermogravimetric analysis of 2 revealed that it is less stable than its parent 1; its extrapolated onset decomposition temperature occurs at 250
C, approximately 100 C lower than for 1 (Figure S6) . Energy-dispersive X-ray spectroscopy and X-ray photoelectron spectroscopy of 2 confirmed the quantitative replacement of chloride with hydroxide and revealed no chlorine-specific peaks ( Figures S4 and S5 ). Finally, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of 2 revealed a hydroxide O-H stretching band at 3,699 cm
À1
, a signal that was not observed in the DRIFTS data for 1 ( Figure S9 ). Indeed, the frequency of this band is comparable to that of the OH stretch found in the homologous molecular compound Tp tBu,Me Zn(OH) (3,676 cm À1 ). 11, 12 To further characterize the incorporation of a Zn-OH site in 2, we analyzed the material by X-ray absorption spectroscopy (XAS). Whereas both 1 and 2 had the same Zn K-edge energy (9,663.6 eV), indicating a common oxidation state on zinc in both materials (Figure 2A ), a significant difference in the zinc coordination environment became apparent when we compared the white line and near-edge regions for the two materials: 2 exhibited a lower and broader white line than 1 and a nearedge feature ($9,668 eV) higher than that of 1 ( Figure 2A) . Moreover, the extended X-ray absorption fine structure (EXAFS) spectra of 1 and 2 indicated a difference in the primary coordination sphere of zinc. In 2, the first shell peak shifted to a lower radial distance and was less intense than the corresponding peak in 1 ( Figure 2B ), consistent with a shorter Zn-X bond and scattering by a lighter element, such as oxygen. Quantitative fitting of the EXAFS region for 2 was challenging because there were two Zn 2+ sites (N 3 ZnX and N 6 Zn) with distinct coordination environments, and the small difference between the Zn-N bond length of the two sites made it difficult to fit them as one path or separate paths. Consequently, we chose to fit the difference spectrum of 1 and 2; the similar coordination environments of the two Zn sites removed the disordered Zn-N scattering in the data, and the fit provided information regarding the Zn-X bond (see Figures S7 and S8 for further details). As a result, 
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A critical step in CO 2 hydration by CA is CO 2 insertion into the Zn-OH bond. After confirming the installation of the Zn-OH group, we probed its reactivity with CO 2 by measuring its CO 2 adsorption isotherm at 25 C (Figures 3 and S3) . Notably, the adsorption isotherm profile featured a significant uptake of CO 2 between 0 and 17 Torr, corresponding to 0.86 mmol of CO 2 per g of MOF. Importantly, this is equivalent to 1.0 mmol of CO 2 per mmol of MOF or the insertion of CO 2 into one of four Zn-OH sites in each SBU. The isotherm profile became shallower, and uptake of the remaining $75% CO 2 occurred over a large pressure range of 17-800 Torr. The total CO 2 adsorption capacity at 800 Torr was 3.41 mmol/g (4.05 mmol of CO 2 per mmol of MOF), which coincides with the total number of Zn-OH sites (3.36 mmol/g) in the MOF. The initial steep uptake supports a strong interaction between 2 and the first CO 2 equivalent (per SBU), most likely stemming from the insertion of CO 2 into the Zn-OH bond, a unique CO 2 capture mechanism that has been observed only once before in a MOF. 22 After the initial steep uptake, the isotherm profile became shallower with increasing coverage, suggesting a change in the interaction between the MOF and CO 2 or a shifting of the hydroxide-carbonate equilibrium with increasing CO 2 pressure.
To gain more insight into the framework-adsorbate interaction, we determined the coverage-dependent CO 2 adsorption enthalpy (Q st ) by measuring the CO 2 adsorption isotherms at three different temperatures (288, 298, and 308 K) and fitting the isotherm data to the virial equation (Figures S13 and S14) . 23, 24 Other fitting routines, including the Langmuir, Langmuir-Freundlich, and two-site Langmuir models, provided less satisfactory fits ( Figures S11 and S12 22 Notably, the coveragedependent Q s suggests a bimodal adsorption profile ( Figure S15 ). With increasing coverage, Q st stays relatively constant up to $0.5 equiv of CO 2 per SBU and then gradually decreases until it reaches ranges between 62 and 35 kJ/mol for the second CO 2 equivalent and between 35 and 20 kJ/mol for the third CO 2 equivalent. The large, bimodal variation in Q st suggests that the adsorption mechanism changes with increasing CO 2 coverage.
We modeled CO 2 insertion into the Zn-OH bond by using DFT (PBE/6-311G**). To do so, we used a truncated model of the SBU, Zn 5 (OH) 4 (BTA) 6 (BTA = benzotriazole). Optimization of the cluster model gave a Zn-O(H) bond distance of 1.85 Å and Zn-N bond distances of 2.02-2.05 Å , consistent with the EXAFS fit and extended lattice DFT model. Notably, although the calculated enthalpy of CO 2 insertion into the first Zn-OH unit was À50 kJ/mol, the second, third, and fourth CO 2 molecules were calculated to bind, also by insertion into Zn-OH units, with a lower energy of approximately À44 kJ/mol. The trend of decreasing binding enthalpy is also in qualitative agreement with the experimental data. We postulate that the conversion of the highly basic -OH to weakly basic -OCO 2 H perturbs the coordination environment of the SBU enough to weaken the nucleophilicity of the remaining three Zn-OH sites within a given metal node. Given that the nucleophilic strength of Zn-OH correlates with its reactivity toward CO To determine the nature of the chemisorption interaction, we monitored the reaction between 2 and CO 2 by DRIFTS. Exposing 2 to incremental increases in [CO 2 ] from 1,000 to 4,000 ppm in an argon carrier gas resulted in the formation of new bands in the DRIFT spectrum (Figure 4 ). By contrast, the addition of CO 2 to 1 under the same conditions resulted in no spectral changes ( Figures S22 and S23) . The new spectral features in 2 are consistent with the formation of a zinc bicarbonate, which is also the product of CO 2 insertion in CA. Specifically, a new band at 3,626 cm À1 was assigned to the O-H stretch. 13 Bands at 1,660 and 1,245 cm À1 corresponded to the O=C-O asymmetric and symmetric stretches, respectively. 13 Additionally, bands at 1,018 and 1,423 cm À1 were associated with bending and stretching vibrations of the COH group in bicarbonate. The observed stretches were comparable to those of the molecular analog tBu,Me TpZn(OCO 2 H), which featured asymmetric and symmetric O=C-O stretches at 1,675 and 1,302 cm À1 , respectively. 13 In addition, the IR We further illustrated the critical role of the hydroxide ligand in CO 2 uptake by comparing the CO 2 sorption properties of 1 and 2. MOF 1, containing a Zn-Cl bond and a saturated metal center, showed a CO 2 adsorption capacity at 800 Torr of 0.98 mmol of CO 2 /mmol of MOF (1.23 mmol of CO 2 per g of MOF), which is approximately four times smaller than the overall capacity of 2 ( Figure 3) . The zero-coverage Q st , 20 kJ/mol, was also significantly lower than the Q st of 2 ( Figures  S16-S19 28 Using similar reactivity conditions, we compared 1, 2, and CFA-1 for their activity in the hydrolysis of 4-NPA ( Figures S32-S34 ). The reactions were performed with $2.5 mol % (10 mol % per Zn-X) MFU-4l (1) and MFU-4l-(OH) (2) in 50 mM HEPES buffer solution. They were sampled after 3, 6, 24, and 48 hr and were monitored by UV-vis spectroscopy for the formation of 4-nitrophenol (405 nm). A control reaction revealed small (1.7% G 0.2%) conversion of 4-NPA after 24 hr in the absence of a MOF. Adding 1, 2, or CFA-1 to the reaction mixture increased the conversion yield to 11% G 2%, 15% G 2%, and 14% G 2%, respectively, at the 24 hr time point. In the conversion to mmol of product per mmol of Zn-X sites, this corresponds to low values of 1.2 G 2, 1.8 G 2, and 1.0 G 1 for 1, 2, and CFA-1, respectively (Table S5) . MFU4l-(OH) 2 outperformed both 1 and CFA-1, most likely because 1 and CFA-1 need to undergo ligand exchange to generate the Zn-OH active site. The low turnover number could be caused by pore blocking or slow diffusion through the micropores. Critically, this demonstrates that the N 3 ZnOH coordination environment in 2 is a functional mimic of the CA reactivity.
In summary, we have demonstrated that the metal nodes of MFU-4l can be functionalized to create a high-fidelity biomimetic model of the CA active site. Reactions performed by the enzymes, such as CO 2 insertion into the Zn-OH groups of the metal nodes and hydrolysis of 4-NPA, are mimicked in the MOF. These results demonstrate a rare example of functionalizing a MOF metal node to mimic the activity of an enzyme. The nascent field of biomimetic chemistry in MOFs holds potential for future understanding of enzyme chemistry and also the potential to perform enzyme-inspired reactions in stable frameworks. For instance, the insertion of CO 2 into a metal-hydroxide bond could lead to CO 2 separations with limited energy cost in regeneration, a concept we are currently exploring through implementing the chemistry of 2 in membrane composites for gas separations. 
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